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® Apparatus and method for antitachycardia pacing using a virtual electrode. 



® An implantable device (10) and method for treating cardia arrhythmias in a patient's heart (11) are disclosed. 
A source of antitachycardia pacing therapy and an electrode system including at least three electrodes (80. 83, 
86) for delivering the antitachycardia pacing therapy to the heart are provided. Circuitry and software (17, 19) for 
detecting a tachycardia having a site of focus in the heart and for determining the relative distances of the 
electrodes from the focus site are also provided. The three or more electrodes are connected to the source of 
antitachycardia pacing therapy based on the relative distances determined and in such a manner as to create a 
virtual electrode at the focus site upon delivery of the therapy to the heart. 

FIG. 5. 
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Technical Field 

Thi<; invention relates to implantable medical devices which monitor the cardiac state of a Pa«ent by 

I TnS ZT^oTpo^ll an anLchycardia device alone, it is described herein as operatrng 
IS a c^mrnedTmplan^^^^^ antitachycardia pacing, bradycardia pacing, defibrillating or card.overt.ng arrhyth- 

'° '"''rul'CTn. the term "tachycardia" refers to any fast abnormal rhythm of the ^eart «hich maybe 
«m«naWe to trealent by electrical discharges and specifically includes supraventricular tachycardia (SVT). 
"^7^,^c^Sl7n ^^t^r and atrial fibrillation (AF). ventricular tachycardia (VT). ventricular flutter 
anri «Pntricular fibrillation (VF). The term "ATP" refers to antitachycardia pacing. 

and ventncuarfibr» ^^^^^ ^^^^.^^ ^^^^^ Defibrillator." describes a combined 

oacerLbJSL This deJi^^ either performs a bradycardia pacing or a defibrillation function dependmg on 
STdlToJTa x!^M^^ If a VT/VF is detected, the device is switched to the defibrillating mode. After a 
neriod of time to charge the capacitor, a defibrillation shock is delivered to the patien . ^^«Kriii«tnr 
Movements to L device were contained in a multiprogrammable. telemetric irnplantable d^^^^^^^^ 
,n whirrsTcTosed in Co-pending United States Patent Application Serial No. 576.178. filed August 29. 1990 
entUle^SSfi^^^^^^ Prior to Shock for Implantable Defibrillation." This device contains a bradycarcha 
!nnmrt svstem aT well as a high energy shock system to revert ventricular tachycardias to normal sinus 
^hThm oTrlnfiion Of L presence o. a tachycardia, a shock is delivered to the patient at a 

. 7d1^^^^^^^^^^ - a parent, especially w.~d 

frequen ly Tbecame necessary to provide a device which included antitac ycardia pacing Jejapyjon^ 
2 bradvcardia support pacing therapy and defibrillation or cardioversion therapy, so *at the implanted 
Jele co^a^^^^^^^^ the necessary therapy from a range of therapies offend by the device^ 

ience a further development in the field of combined implantable devices is descnbed in United States 
P^Z ^0 49^ 054 to Grevis et al.. entitled "Apparatus and Method for Controlling Multiple Sensitivities in 
A^h^a CoZl System Including Post Therapy Pacing Delay." The above device is a m-crocompute^^^ 
reTZythmia col. system which is Programma^ by m^^^^^^ ^^1^^^!^ T^^ZZ 



Tachvcarrs a condition in which the heart beats very rapidly, from 100 bpm ami typically about 150 
Inm The^^ are several different pacing modalities which have been suggested for the terrn.nat.on of 
tachvcrdia Z rderlying princlple in all of them is that if a pacer stimulates the heart at lea^ once 
IhXaf^^rrheartt^^^^^^ tSe next naturally occurring heartbeat at the rapid rate, the heart may 

« suSlssS revert to normal sinus rhythm. Tachycardia is often the result of '^^^1°' ^ 

eS stimulus which prematurely triggers another beat. By interposing a stmulated heartbeat, the 

'*Cu:ltr;S:trPa;rN^^^^^^^^^^ to AHen et a,., entitled "Device for Terminating Tachycardia." 
therr.s dSc^S a pSer which, following detection of a tachycardia, generates an atn^l (or ven^^^^^^^^^^ 

« Slus after a delay interval. If that stimulus is not successful in terminating the condrtion. the" another 
Smulus ts aenerated after another premature heartbeat following a slightly different delay. The device 
cSri Xr*e delay interval by scanning through a predetermined delay range. Stimu^a^on ce^s 
2 as he heart is restored to sinus rhythm. If successful reversion is not achieved dur ng one 
complete scan, then the cycle is repeated. The device further provides a second stmulus foHo^^^^^ he , s 

so ie.. before the next naturally occurring rapid beat. The time period between f ^.VSccS 

stimulus IS known as the ini«al delay, while the time period between * ^'^.rd 1 e-^^^ Ts^^l 
stimulus is known as the coupled interval. In the above device, once the coupled interval is set oy a 
^hys t s ix d and therefore the second stimulus always occurs a ^[^'^^'l^'^''^^'^^^ 
Villus, no matter when the first stimulus occurs after the last heartbeat or how fast is the rate of the 

56 tachycardia ^^^.^^^^ p^,^ Tachycardia Control Pacer " 

therl isTsdoSd a pacer or controlling tachycardia in which the coupled interval Is scanned in addition to 
hnnWaMe rTheLe parameters which are successful in terminating the tachycardia are stored so that 
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upon confirmation of another tachycardia event, the previously successful time parameters are the first ones 
to be tried. The device also allows tachycardia to be induced by the physician to allow for programming of 
the initial delay and the coupled interval parameters. 

United States Patent 4,398,536 to Nappholz et al., entitled "Scanning Burst Tachycardia Control Pacer, 

5 " discloses a scanning burst tachycardia control pacer wherein, following each tachycardia confirmation, a 
burst of a programmed number of stimulating atrial (or ventricular) pulses is generated. The rates of the 
bursts increase from cycle to cycle whereby following each tachycardia confirmation, a pulse burst at a 
different rate is generated. The rate of a burst which is successful in terminating tachycardia is stored, and 
following the next tachycardia confirmation, the stored rate is used for the first burst which is generated. 

10 In United States Patent 4.406.287 to Nappholz et al.. entitled "Variable Length Scanning Burst 
Tachycardia Control Pacer." there is disclosed a variable length scanning burst tachycardia control pacer. 
The physician programs the maximum number of pulses in a burst. The number of pulses in a burst is 
scanned, and the number which is successful in terminating tachycardia is registered so that it is available 
for first use when a new tachycardia episode is confirmed. Successive bursts, all at the same rate, have 

75 different numbers of pulses, the pulse number scanning being in the upward direction. If all bursts are 
unsuccessful, a new rate is tried and the number scanning begins over again. Thus, all combinations of 
rates and pulse numbers are tried, with the successful combination being used first following the next 
tachycardia confirmation. 

United States Patent 4,408,606 to Spurrell et al.. entitled "Rate Related Tachycardia Control Pacer," 

20 discloses a rate-related tachycardia control pacer wherein, following tachycardia confirmation, a burst of at 
least three stimulating pulses is generated. The time intervals between successive pulses decrease by a 
fixed decrement, hence the rate of the pulses increases during each cycle of operation. The first pulse is 
generated following the last heartbeat which is used to confirm tachycardia at a time which is dependent on 
the tachycardia rate. The time delay between the last heartbeat and the first pulse in the burst is equal to 

25 the time interval between the last two heartbeats less the fixed decrement which characterizes successive 
time intervals between stimulating pulses. 

It is known that the detection of a ventricular beat or the generation of a ventricular pacing pulse 
initiates the timing of an interval known as the VA delay. Dual chamber heart pacers have been developed 
in order to generate sequential atrial and ventricular pacing pulses which closely match the physiological 

30 requirements of the patient. A conventional dual chamber heart pacer is disclosed in United States Patent 
No. 4,429,697 to Nappholz et al.. entitled "Dual Chamber Heart Pacer With Improved Ventricular Rate 
Control." It includes atrial beat sensing and pulse generating circuits along with ventricular beat sensing and 
pulse generating circuits. If an atrial beat is not sensed prior to expiration of the VA delay interval, then an 
atrial pacing pulse is generated. Following the generation of an atrial pacing pulse, or a sensed atrial beat, 

35 an interval known as the AV delay is timed. If a ventricular beat is not sensed prior to the expiration of the 
AV delay interval, then a ventricular pacing pulse is generated. With the generation of a ventricular pacing 
pulse, or the sensing of a ventricular beat, the VA delay timing starts again. This patent describes how the 
VA delay timing Interval may be divided into three parts - the atrial refractory period, the Wenckeback 
timing window, and the P-wave synchrony timing window. It outlines the importance of controlling the 

40 ventricular rate in comparison with the atrial rate in order to maintain synchrony between the atrium and the 
ventricle. The patent does not however address the issue of antitachycardia pacing therapy. 

Prior art single chamber antitachycardia pacing devices which provide antitachycardia pacing bursts to 
either the atrium or the ventricle have shortcomings in that they lack the required synchrony between the 
atrium and the ventricle, this reduces the percentage of successful reversions. Although ventricular 

45 antitachycardia pacing in particular may revert an arrhythmia, it increases the risk of adversely affecting the 
patient by means of a decrease in arterial pressure due to the rapid pacing. As a result of the 
haemodynamic compromise or lowered haemodynamic status of the myocardium during the arrhythmia and 
pacing, there is a high risk that a ventricular tachycardia will accelerate to a faster ventricular tachycardia, 
and even to a ventricular fibrillation. This has been shown in an article by Fisher et al., entitled "Termination 

50 of Ventricular Tachycardia with Bursts of Rapid Ventricular Pacing," appearing in American Journal of 
Cardiology, Vol. 41, pages 94-102 (January, 1978). Not only does this present a potentially hazardous 
situation to the patient, but It also makes it more difficult for the device to revert the patient. Reversion 
would necessarily demand more energy of the device arid perhaps even cardioversion or defibrillation 
therapy, which is not available in many pacing devices. Furthermore, prior art devices have been limited in 

55 the provision of individualized therapy to the patient by patient-dependent parameters such as the AV delay. 
In U.S. Patent No. 4,998,974 to N. L. Gilli, entitled "Apparatus and Method for Antitachycardia Pacing in 
Dual Chamber Arrhythmia Control System," which patent is assigned to the assignee of the present 
invention, the AV delay is programmable as a percentage of the tachycardia cycle length in order to 
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Improve the synchrony between the atrium and the ventricle during antitachycardia pacing therapy. 

Antitachycardia pacing has been used as a therapy since the mid-seventies with pacing stimuli being 
delivered from an implantable pulse generator. Many organized tachyarrhythmias are susceptible to 
termination by antitachycardia pacing, although all forms of fibrillation are Immune. The patient groups 

5 treated include those with supraventricular tachyarrhythmias and ventricular tachyarrhythmias. However, due 
to the possible risk of antitachycardia pacing therapy either accelerating the arrhythmias or precipitating 
ventricular fibrillation, changes in the manner In which this therapy Is employed in the pulse generator in 
recent years has resulted in a safer and more effective antitachycardia therapy. 

One of the mechanisms which has been believed to cause tachycardias is reentry. Reentrant tachycar- 

10 dias depend on two alternative pathways with differing conduction and refractoriness properties. The 
initiation of a tachycardia occurs when a premature wave front arrives at the potential reentry circuit and 
finds one of the two potential pathways unable to conduct (unidirectional block). Premature beats, impinging 
on the relative refractory period, are conducted slowly around the circuits, and if sufficient time has elapsed 
(balance between conduction velocity and refractory period in the circuit), the wave front will continue 

15 around (reenter the circuit), maintaining the tachycardia. Termination of tachycardia occurs when a 
premature beat cannot enter the circuit In the same direction as the tachycardia wave front because of 
refractoriness, but can enter the circuit in the opposite direction, ultimately colliding with the advancing 
wave front and extinguishing It. The timing of the premature beat that is able to terminate the tachycardia 
(the termination zone or window during the cardiac cycle) is dependent on the properties both of the circuit 

20 and of the myocardium between the circuit and the point of origin of the premature beat. A relatively wide 
termination zone is favored by the followirig: a short distance or rapid conduction in the myocardium outside 
the circuit; a large circuit; or slow conduction with moderate refractoriness within the circuit. 

Although current technology allows the Integration of antitachycardia pacing with defibrillation therapy in 
the same device, the discomfort due to the delivery of high energy shocks to the heart can be avoided and 

26 the life of such a device can be lengthened if the effectiveness of antitachycardia pacing therapy can be 
Improved. 

Many antitachycardia pacing therapy devices at present include defibrillation support within the device 
in order to provide adequate safety to a patient. It is highly advantageous to prevent the development of 
VT's or atrial fibrillations, and to terminate them quickly if they appear, rather than allowing the arrhythmia 

30 to develop to such ah extent that a defibrillation shock Is necessary. 

Despite the sophistication of antitachycardia pacing (ATP) algorithms used in existing devices, an 
important consideration has heretofore been overlooked, namely the distance between the pacing site and 
the site of origin of a tachycardia. This is recognized In an article by Marchlinski et al.. entitled "Prevention 
of Ventricular Tachycardia Induction During Right Ventricular Programmed Stimulation by High Current 

36 Strength Pacing at the Site of Origin." appearing in Circulation. Vol. 76. No. 2, pages 332-342 (August 
1987). 

Furthermore, It has been found that many tachycardias arise In the left ventricle. It Is not possible to 
place electrodes in the left ventricle permanently. So. if a rapid tachycardia develops at this site. It will not 
be fx)6sibte to germinate It by ATP therapy delivered through a single electrode in the right ventricle due to 
40 the distance of the stimulating electrode from the site of origin of the VT. 

Chapter 14 of the book "Tachycardias: Mechanisms, Diagnosis, Treatment," authored by Josephson 
and Wellens and published by Lea & Febiger, Philadelphia (1984), discloses that in some patients single 
stimuli from the right ventricular outflow tract can terminate tachycardias when triple extrastimuli from the 
right ventricular apex fail to do so. It further discloses that only rarely can stimulation from the right ventricle 
45 be more effective than that from the left ventricle in terminating ventricular tachycardia. 

Additionally, in present devices even with quite effective ATP algorithms, many arrhythmias still cannot 
be terminated because of their rapid nature since the time taken for the arrhythmia wavefront to recirculate 
is less than the time taken for the ATP therapy pulse train to travel from the stimulating electrode to the site 
of the arrhythmia. In general tachyarrhythmias with a cycle length < 230-250 ms are difficult to terminate by 
50 ATP for this reason. 

It is therefore an object of the present invention to identify endocardially the direction of the 
depolarization wavefront arising from the site of origin of a ventricular tachycardia. 

It Is further object of the invention to provide successful ATP termination of such tachycardia by 
creating a virtual electrode at a point closer to or at the site of origin of the tachycardia. As used herein, the 
55 term "virtual electrode" refers to an electric field the strength of which Is above the stimulation threshold of 
adjacent cardiac tissue. For a particular VT, a virtual electrode Is created by applying suitable voltages to 
two or more electrodes, and a zero voltage to a reference electrode. 
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It is another object of the invention to provide active electrodes strategically positioned around the focus 
of the VT, for example in the right ventricle, subcutaneously over the heart and on the left epicardial surface 
of the heart, with a reference electrode placed at a distance. Therefore, when suitable voltages are applied, 
an electric field is created in the vicinity of the tachycardia focus, the strength of which is above the 

5 stimulation threshold for the myocardial tissue. Depending on the positioning and impedance of the active 
and reference electrodes, the stimulating pulse amplitude may need to be as high as 15V. Conventional 
trains of pulses may be used, such as automatic decrementing or incrementing orthogonal bursts. 

It is a still further object of the invention to provide improved, reliable ATP therapy with a higher chance 
of faster and more successful reversion. 

10 It is yet another object of the invention to provide more effective single and dual chamber antitachycar- 
dia pacing systems which reduce the number of or the necessity for defibrillation shocks to be given to a 
patient by preventing the development of VF's and AFs in a patient. 

Briefly stated, and in accordance with one aspect of the invention, there is provided a single or dual 
chamber antitachycardia pacing device, in an automated arrhythmia control system including a pacemaker 

15 and a plurality of electrodes, in which the electrodes are used as sensors to determine which of the 
electrodes are nearest to the site of the tachycardia. The selected electrodes are then used to create the 
required virtual electrode. The selected electrodes are given peak voltages higher than the stimulation 
threshold of the tissue in the area of the tachycardia focus site in order to provide ATP therapy thereto. The 
ATP therapy Is In the form of simultaneous pacing waves which approach the focus site from different 

20 directions, effectively from all sides if the selected electrodes surround the site, otherwise from a point or 
tine or area near the site. In a preferred embodiment of the invention the electrodes nearest the site of the 
tachycardia are found by Identifying fiducial points on the intracardiac electrogram (1CEG) wavefomn, such 
as peaks, points of maximum positive or negative slope and inflections, and examining the relative timing of 
these points. The electrodes nearest the focus of the arrhythmia will have fiducial points in the ICEG 

25 appearing earliest. 

Brief Description of the Drawings 

FIG. 1 is a block diagram of a dual chamber arrhythmia control system (ACS) in accordance with the 
30 present invention; 

FIG. 2 is a block diagram of a pacemaker employed in the ACS of FIG. 1; 
FIG. 3 is a block diagram of a microprocessor employed in the ACS of FIG. 1 . 

FIG. 4 is a circuit diagram showing the operation of a sensing circuit utilized in the ACS of FIG. 1 , which 
circuit enables the identification of a VT focus and the establishment of a virtual electrode; 
35 FIG. 5. illustrates in diagrammatic iom a number of possible electrode orientations, relative to a heart, 
which may be utilized in the ACS of FIG. 1; and. 

FIGS. 6A-6F show examples of different types of electrodes which may be used in accordance with the 
present invention. 

40 Detailed Description 

Referring to FIG. 1, there is depicted a block diagram of a dual chamber arrhythmia control system, 
shown generally at 1. System 1 is designed to be implantable in a patient and includes a 
cardioverter/defibrillator pacemaker or pulse module, shown generally at 10. and appropriate leads for 

45 connecting module 10 to a patient's heart 11. More particularly, system 1 will generally include an atrial 
cardiac lead 13 extending to the atrium of the patient's heart for the administration of therapy to the atrium, 
and a ventricular cardiac lead 12 extending to the ventricle of the patient's heart for the administration of 
therapy to the ventricle. System 1 generally also Includes a pacemaker 17 for the detection of analog 
signals representing cardiac electrical activity and for the delivery of bradycardia or antitachycardia pacing 

50 pulses to both chambers of the heart; a microprocessor 19 which, in response to various inputs received 
from the pacemaker 17 as well as from a defibrillator 16, performs various operations so as to generate 
different control and data outputs to both the pacemaker 17 and the defibrillator 16; and a power supply 18 
for the provision of a reliable voltage level to pacemaker 17, microprocessor 19, and defibrillator 16. 
Defibrillator 16 produces a high voltage to charge its capacitors and then optionally discharges them in 

55 response to control signals from microprocessor 19. A defibrillator electrode lead 14 transfers the energy of 
a defibrillator shock 15 from the implanted pulse module 10 to the surface of the heart 11. By way of 
definition for the arrhythmia control device as a whole, the term "cardioversion" as used herein refers to the 
discharge of electrical energy into cardiac tissue in an attempt to terminate or revert a tachycardia. The 
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energy discharge may range from a high of 40 Joules or more to a low of less than 1 Joule. The discharge 
may be monophasic or biphasic but is not restricted to these waveforms. Cardioversion shocks may or may 
not be synchronized to the rhythm of the heart. Defibrillation is a particular example of cardioversion. Also, 
the invention applies equally to devices which deliver energy synchronized to a P- or an R-wave and to 
those that do not, and it applies to devices which use lower energy pulses (up to 1 Joule) as well as to 
devices which use greater energy pulses (up to 40 Joules or more). 

Microprocessor 19 is connected to a random access memory/read only memory (RAM/ROM) unit 121 
by an address and data bus 122. An end-of-life (EOL) signal line 124 is used to provide, to microprocessor 
19. a logic signal indicative of the approach of battery failure in power supply 18. As more fully described 
below, microprocessor 19 and pacemaker 17 are connected by a communication bus 42. an atrial sense 
line 45, an atrial pace control line 46, an atrial sensitivity control bus 43, an atrial pacing energy control bus 
44, a ventricular sense line 49, a ventricular pace control line 50, a ventricular sensitivity control bus 47, and 
a ventricular pacing energy control bus 48. As also more fully described below, microprocessor 19 is 
connected to defibrillator 16 by a charge voltage level line 61, a charge control bus 60. a shock control bus 
59, and a dump control bus 58. 

Referring to FIG. 2, there is depicted a block diagram of the pacemaker 17 of FIG. 1. As seen therein, 
pacemaker 17 comprises circuitry for atrial pacing 24, ventricular pacing 34. atrial sensing 25, ventricular 
sensing 35, and telemetry 30. In addition, pacemaker 17 Includes a control block 39 which includes an 
interface to microprocessor 19. 

In operation, sensing circuits 25 and 35 detect respective atrial and ventricular analog signals 23 and 33 
from the heart 11 and convert the detected signals to digital signals. In addition, the sensing circuits 25 and 
35 receive an input atria! sense control 27 and an input ventricular sense control 37, respectively, from the 
control block 39 which determines the sensitivity applied to the detection circuits. A change in this 
sensitivity will affect the voltage deviation required at the sensing electrode for a sense to be registered. 
The operation of the logic which changes the sensitivity is described in more detail in United States Patent 
No. 4,940.054 to Qrevis et al., entitled "Apparatus and Method for Controlling Multiple Sensitivities in 
Arrhythmia Control System Including Post Therapy Pacing Delay," which description is incorporated herein 
by reference. 

Atrial pacing circuit 24 receives from control block 39, via an atrial pacing control bus 28, an atrial pace 
control input and an atrial pacing energy control input. Similariy, ventricular pacing circuit 34 receives from 
control block 39, via a ventricular pacing control bus 38, a ventricular pace control input and a ventricular 
pacing energy control input. The atrial and ventricular pace control inputs determine the respective types of 
atrial and ventricular pacing to occur, while the atrial and ventricular pacing energy control inputs determine 
the respective magnitudes of the pulse energy. The operation of the logic which changes the pulse energy 
is described in more detail in United States Patent No, 4,869,252 to N. L. Gilli, entitled "Apparatus and 
Method for Controlling Pulse Energy in Antitachyarrhythmla and Bradycardia Pacing Devices," which 
description is incorporated herein by reference. The pacing circuitry 24 and 34 generate atrial pacing pulses 
(or bursts of pulses for antitachycardia pacing) 22 and the ventricular pacing pulses (or bursts of pulses for 
antitachycardia pacing) 32 which are delivered to the patient's heart 1 1 by means of the atrial cardiac lead 
21 and the ventricular cardiac lead 31 . 

Telemetry circuitry 30 provides a bi-directional link between control block 39 and an external device 
such as a programmer. It allows data such as the operating parameters to be read from or altered in the 
implanted module 10 (FIG. 1). 

Referring to FIG. 3, there is shown a block diagram of the microprocessor 19 of FIG. 1. It comprises two 
16-bit timers 51 and 52. a CPU 53, a vectored interrupt block 54, a ROM 55, a RAM 56, an external 
memory 57, a ports block 41 and an internal communication bus 40. RAM 56 acts as a scratch pad and 
active memory during execution of the various programs stored in ROM 55 and used by microprocessor 19. 
These programs include system supervisory programs, detection algorithms for detecting and confirming 
various arrhythmias, and programming for implementing the logic employed by the module 10, as well as 
storage programs for storing, in external memory 57, data concerning the functioning of module 10 and the 
electrograms provided by cardiac leads 12 and 13 (FIG. 1). Timers 51 and 52, and associated control 
software, implement some timing functions required by microprocessor 19 without resort entirely to 
software, thus reducing computational loads on and power dissipation by CPU 53. 

Signals received from telemetry circuit 30 (FIG. 2) permit an external programmer (not shown) to 
change the operating parameters of pacemaker 17 by supplying appropriate signals to control block 39. 
Communication bus 42 serves to provide signals indicative of such control to microprocessor 19. Thus, it is 
also possible for an external programmer to control operation of defibrillator 16 by means of signals 
provided to microprocessor 19. 
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Appropriate telemetry commands may cause telemetry circuit 30 to transmit data to the external 
programmer. Data stored is read out, by microprocessor 19, on to communication bus 42, through control 
block 39 in pacemaker 17, and into telemetry circuit 30 for transmission to the external programmer by a 
transmitter in telemetry circuit 30. 

5 Microprocessor 19 receives various status and/or control inputs from pacemaker 17 and defibrillator 16, 
such as the sense signals on lines 45 and 49. It performs operations such as arrhythmia detection, and 
produces outputs such as the atrial pace control on line 46 and the ventricular pace control on line 50 which 
determine the type of pacing to take place. Other control outputs generated by the microprocessor 19 
include the atrial and ventricular pacing energy controls on buses 44 and 48, respectively, which determine 

10 the magnitude of the pulse energy, the shock control on bus 59 which signals that a shock is to be 
delivered to the patient. The device may include the optional feature of a dump control on bus 58 which 
indicates that a shock is to be dumped at an internal load within the defibrillator. The charge control on bus 
60 determines the voltage level of the shock to be delivered, and the atrial and ventricular sensitivity 
controls on buses 43 and 47 determine the sensitivity setting of the sensing circuits. Charge voltage level 

75 line 61 provides a digital signal representative of charge voltage from an analog-to-digital converter within 
defibrillator 16, thus providing a feedback loop which assures that a shock of proper energy level is 
delivered by defibrillator 16. 

In the automated system of the present invention, the pacemaker uses multiple distal electrodes on 
atrial lead(s) 13 (FIG. 1) and ventricular lead(s) 12 as sensors to determine which of the electrodes are 

20 closest to the site of the tachycardia. These electrodes are then used to create the required virtual 
electrode. Such sensing is accomplished by simply measuring the time differentials between fiducial points 
on the QRS complexes of the tachycardia recorded at each electrode. Those electrodes whose fiducial 
points appear earliest are electrically closest to the focus of the arrhythmia. The two or three closest are 
then used for ATP. The fiducial points are the positive or negative peaks of the complex and Its derivative. 

25 In each case the point of largest magnitude is taken as the fiducial point. 

During ATP, the pacing electrodes will all have peak voltages greater than the tissue threshold voltage 
applied to them. Accordingly, the pacing stimuli can appear over a larger area than the nominal virtual 
electrode site. This does not present any problems, however. In fact it is likely to provide a more effective 
means of therapy with simultaneous pacing waves approaching the focus site from all sides. 

30 Referring to FIG. 4 a sensing circuit, shown generally at 70, is provided within pacemaker 17 for 
determining the relative distances of the various sensing electrodes from the site of the focus of a 
tachycardia. In the embodiment shown in FIG. 4, four electrodes, shown diagrammatically at 71a, 71b, 71c 
and 71d, are placed at a number of sites within and around the patient's heart 11, preferably in the 
ventricle, but in an alternative embodiment also in the atrium. These electrodes correspond to the 

35 electrodes carried by ventricular cardiac lead 12 of FIG. 1 in the preferred embodiment, and to those 
carried by leads 12 and 13 in the alternative embodiment. Signals from electrodes 71a-71d pass along 
corresponding leads 72a, 72b, 72c and 72d to the pacemaker 17. They first pass through respective FET 
switches 73a-73d of an FET switch block 73 and then to respective full wave rectifiers 74a-74d and 
respective peak detectors 75a-75d. The purpose of these circuits is to find a fiducial point on each of the 

40 signals, such as the peak, and the time at which this fiducial point occurs, in order to determine the 
chronological order of the signals. As an alternative, comparators (not shown) can be used instead of 
rectifiers 74a-74d and detectors 75a-75d to determine when there are zero crossing or when the signals 
pass particular thresholds, or differentiator/highpass filters (not shown) can be used to find the points of 
maximum slope. A temporal priority circuit 76 is used to determine the chronological order of the fiducial 

45 points of the separate input signals for each heart beat. 

Those electrodes which are electrically closest to the focus of a tachycardia will produce signals whose 
fiducial points appear at the eariiest points in time. These are the electrodes which can then be used to 
deliver ATP therapy. Knowing the physical (geographical) distribution of the electrodes, which information is 
programmed into the pacemaker 17 and delivered to a logic circuit 77 from control block 39 thereof via a 

50 line 77a, and knowing the chronological order of their signals, the relative site of the focus of the 
tachycardia can then be determined by logic circuit 77. The logic circuit thus selects those electrodes which 
are near to or surround the focus. The logic circuit then uses the FET switches 73a-73d, which are arranged 
as cross bar switch circuits, to connect ventricular ATP pacing circuits 78 to the appropriate electrodes. The 
logic circuit 77 also controls the output amplitudes and phases of the ventricular ATP pacing circuit 78 in 

56 order to create the appropriate virtual electrode field as close as possible to the tachycardia focus. The 
ventricular ATP pacing circuit 78 may deliver any type of currently used ATP therapy. 

When a tachycardia is detected by the pacemaker 17, for example by interval discrimination and/or 
morphology analysis, the sensing circuit 70 detemnines which of the sensing electrodes are closest to the 
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10 



15 



20 



25 



site of focus of the tachycardia, and switches FET's in its output so as to connect an ^PP''>P'f^^^''f^^ 
of electrodes to the pulse generator of the ventricular ATP pacing circuit 78 to create f 
freatment of the tachycardia. The identification of a VT focus and the creation o a virtual electrode thus 
provide an improvement in the effectiveness of the therapy delivered for the particular ar^iyt^irm^^^^ 

Referrina now to FIG. 5, a number of possible electrode orientations that may be selected by the 
sensino circuitry 70 of FIG. 4 to establish a virtual electrode and apply appropriate ATP therapy in 
aSnce with one embodiment of the present invention will now be considered. In the embodiment 
Tst S four multi-electrode endocardial catheters or leads 80. 83. 86 and 89 are utilized conjunction 
Xa subcutaneous patch lead 92 and/or the can of pacemaker 17 both to ^^'^^^^^"^"^[^^'^1 
Z pacemaker from the heart 11 and to provide pacing pulses from the pacemaker to the heart. Lead 80 s 
provWed with respective conventional distal tip and ring electrodes 81 and 82; lead 83 is j^ovided with 
respecth^e conventional distal tip and ring electrodes 84 and 85; lead 86 is provided wrth respectve 
conventional distal tip and ring electrodes 87 and 88; lead 89 is provided with respective conventoonal d^tal 
tip and ring electrodes 90 and 91; and. lead 92 is provided with a conventional subcutaneous patch 

^'^*'?Se'd?stl end of lead 80 is preferably anchored to the right free wall 94 of the heart by conventional 
means (tines, lead screws, or the like). Similarly, the distal end of lead 83 is P^f f ^^'^[^^^^^ 
apex 95 the right ventricle of the heart: the distal end of lead 86 is preferably anchored to the right septal 
wr96 of the heart: and the distal end of lead 89 is preferably anchored in the high right atrium 97 of the 

"'"^Assuming that the sensing circuitry 70 (FIG. 4) has determined that a VT ♦^^"//f ^l^^rodlf 8^ 
FIG 5 embodiment, the circuitry 70 determines the order of closeness to point "A of the electrodes 81. 82 
84 85 87 88 90. 91. 93 and the pacemaker can and. for the embodiment illustrated, utilizes an appropnate 
one (for example. Orientation No. 2) of the twenty-two representative electrode orientations shown in Table 
I below to establish a virtual electrode and apply appropriate antitachycardia pacing therapy to the patient: 



TABLE I 



30 



35 



40 



45 



SO 



ORIENTATION 


ELECTRODE 


POLARITY 


ELECTRODE 


POLARITY 


1 


84 


+ 


85 


+ 


2 


84 


+ 


87 


+ 


3 


84 


+ 


88 


+ 


4 


84 


+ 


81 


+ 


5 


84 


+ 


82 


+ 


6 


85 




87 


zero 


7 


85 


+ 


88 


+ 


8 


85 


+ 


81 


+ 


9 


85 


+ 


82 


+ 


10 


87 


+ 


88 


zero 


11 


87 


+ 


81 


+ 


12 


87 


+ 


82 


+ 


13 


88 


+ 


81 


+ 


14 


88 


+ 


82 


+ 


15 


81 


+ 


82 


+ 


16 


84 


+ 


85 




17 


84 


+ 


87 




18 


84 


+ 


88 




19 


84 


+ 


88 




20 


84 


+ 


81 




21 


84 


+ 


82 




22 


85 


+ 


87 





PATCH 



POLARITY 



93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 



REFERENCE 



zero 
zero 
zero 
zero 
zero 
zero 
zero 



Can 
Can 
Can 
Can 
Can 

Electr. 87 
Can 
Can 
Can 

Electr. 88 

Can 

Can 

Can 

Can 

Can 

Patch 

Patch 

Patch 

Patch 

Patch 

Patch 

Patch 



55 



The twenty-two orientations shown in Table I, above, are intended to be representative of. rather than 
lirtiiting to, the number of different orientations that may be employed. 

Referring now to FIGS. 6A-6F. the electrode configurations employed for sensing and pacing may take 
different forms, including a mixture of conventional leads plus additional multifilar, multi-electrode Jeads- The 
additional multi-electrode leads can be of several endocardial forms, such as the "right ventncular J lead 
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100 shown in F)G. 6A, which is provided with electrodes 101-103 and a coaxial three-terminal connector 
104; the "anchor" lead 105 shown in FIG. 6B, which Is provided with electrodes 106-109 and a sui table 
multi-terminal connector (not shown); the "umbrella" lead 110 shown in FIG. 6C, which is provided with 
electrodes 111-116 and a corresponding connector (not shown); the "egg beater" lead 117 shown in FIG. 

5 6D, which is provided with electrodes 118-121 and a corresponding connector (not shown); and, the "spiral" 
lead 122 shown in FIG. 6E. which is provided with electrodes 123-127 and a corresponding connector (not 
shown). In addition, as shown in FIG. 6F. pacing/sensing leads such as lead 128 may be attached to 
epicardlal or subcutaneous patches, such as patch 129, which may be provided with a supplemental 
silicone or polyurethane wing patch 130. Wing patch 130 is employed to provide increased spacing 

70 between the electrodes 131-134. which electrodes are preferably fixed to the wing patch. In alternative 
embodiments conventional patches may be used for the functions of pacing and sensing. 

The antitachycardia pacing therapy provided by the present invention may take the form of either 
synchronous or non-synchronous waves, and the latter may have a predetermined phase difference. Also, 
the antitachycardia pacing therapy may be in the form of pacing waves having differing amplitudes, such 

75 differing amplitudes preferably being established as a function of the amplitudes of the waveform at its 
fiducial points. 

It will be apparent from the foregoing description that the present invention provides an improved 

antitachycardia pacing device and method in which three or more sensing electrodes and a sensing circuit 

are employed to endocardially identify the focus site of a tachycardia and to create a virtual electrode 
20 utilizing a selected orientation of the sensing electrodes, and in which a voltage of suitable level is applied 

to the oriented electrodes to establish an electrical field at the focus site having a greater field strength than 

the stimulation threshold of cardiac tissue at such site. 

In testing one embodiment of the invention, VT's were induced in the hearts of dogs and a hand-held 

mapping probe was used to map the heart in each instance. The number of electrodes available was 
25 restricted to three. Nevertheless, the experimentation showed that antitachycardia pacing at the electrodes 

closest to the arrhythmia focus was more effective than pacing at the traditional right ventricular apex site in 

terminating the arrhythmia. 

While there have been shown and described what are presently considered to be the preferred 

embodiments of this invention, it will be obvious to those skilled in the art that various other changes and 
30 modifications may be made without departing from the broader aspects of the invention. It is, therefore, 

aimed in the appended claims to cover all such changes and modifications as fall within the true spirit and 

scope of the invention. 

Claims 

35 

1. An implantable device for treating cardiac arrhythmias in a patient's heart, comprising: 

detecting means for detecting a tachycardia having a site of focus in the heart; 
an electrode system including at least three electrodes for delivering antitachycardia pacing 
therapy to the heart; 

40 means for determining the relative distances of said electrodes from said tachycardia focus site; 

antitachycardia pacing therapy means for supplying antitachycardia pacing therapy to said elec- 
trodes; 

orienting means responsive to said relative distances determining means for connecting at least 
three selected ones of said at least three electrodes to said antitachycardia pacing therapy means In 
45 such a manner as to create a virtual electrode at or near said tachycardia focus site when said 
antitachycardia pacing therapy is supplied to said selected electrodes; and 

means operative when said selected electrodes have been connected to said antitachycardia 
pacing therapy means for actuating said antitachycardia pacing therapy means to supply said 
antitachycardia pacing therapy to said selected electrodes. 

50 

2. A device according to claim 1 , wherein said orienting means connects at least two of said selected 
electrodes to receive electrical charges and a third one of said selected electrodes to serve as a 
reference electrode during the delivery of antitachycardia pacing therapy to the heart. 

55 3. A device according to claim 2, wherein said electrode system also serves to sense electrical signals in 
the heart, and wherein said detecting means is coupled to said electrode system. 
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4. A device according to claim 2 or claim 3. wherein at least one of said two selected electrodes 
connected to receive electrical charges comprises an endocardial electrode. 

5. A device according to claim 2 or claim 3. wherein said two selected electrodes connected to receive 
electrical charges comprise endocardial electrodes. 

6. A device according to claim 3 or claim 4. wherein at least one of said two selected electrodes 
connected to receive electrical charges In an epicardial electrode. 

7 A device according to any one of claims 3 to 6, wherein said reference electrode is any one of: a) other 
J,an an endocardial electJode: b) an epicardial patch electrode: or c) a subcutaneous patch electrode. 

& A device according to any one of claims 3 to 6. wherein said device includes an outer o^^^^^^ir^^^ 
conductive outer surface on at least a portion thereof, wherein said outer case .s adapted to be 
positioned subcutaneously in the patient, and wherein said conductive outer surface of said case 
comprises said reference electrode. 

9 A device according to any one of claims 3 to 6. wherein said antitachycardia pacing therapy is in the 
form of any one of: a) synchronous pacing waves which approach the focus site from different 
directions: b) non-synchronous pacing waves which approach the focus site from different directions: or 
c) pacing waves having differing amplitudes. 

ia A device according to claim 9. wherein said non-synchronous pacing waves have a predetermined 
phase difference. 

11 A device according to claim 9. wherein said three selected ones of said at least three electrodes are 
determined by identifying fiducial points on a waveform of the heart and ^-^'"'"a 
of the waveform at said fiducial points in the case of claim 9 sub-clauses a) and b). and the relative 
amplitudes of the waveform at said fiducial points in the case of sub-clause c) of claim 9. 

12. A device according to claim 11. wherein said differing amplitudes are determined as a function of the 
amplitudes of the waveform at said fiducial points. 

13. A method of treating cardiac arrhytinmias in a patient's heart, comprising the steps of: 

providing an etectrode system including at least three electrodes for delivering antitachycardia 

'^'^ p?oSVso!lrceTantitachycardia pacing therapy for supplying antitachycardia pacing therapy 

to said electi-odes: 

detecting a tachycardia having a site of focus in the heart; 

determining the relative distances of said electrodes from said tachycardia focus site; 

connecting at least three selected ones of said at least three electrodes to said source of 
antitachycardia pacing therapy based on said relative distances determination and in such a "tanner as 
a virtual electrode at said tachycardia focus site during the delivery of said antrtachycardia 
pacing therapy to the heart: and, 

delivering said antitachycardia pacing therapy to said selected electi'odes. 

14. A method according to claim 13. wherein said step of connecting at least three selected ones of said at 
least three electrodes to said source of antitachycardia pacing tiierapy includes the sub-step of 
connecting at least two of said electrodes to receive electrical charges during the delivery of 
antitachycardia pacing therapy to the heart and connecting a third one of said electrodes to serve as a 
reference electrode during the delivery of antitachycardia pacing therapy to the heart. 

15. A method according to claim 14, wherein said step of detecting a tachycardia includes the sub-step of 
utilizing said electrode system to sense electrical signals in the heart. 

16. A method according to any one of claims 13 to 15. wherein said step of delivering said ^^^^^^^^^ 
pacing therapy includes the sub-step of delivering said antitachycardia pacing therapy in the iom of 
simultaneous pacing waves which approach the focus site from different directions. 
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17. A method according to claim 16, wherein said step of determining the relative distances of said 
electrodes from the focus site includes the sut)-steps of identifying fiducial points on a waveform of the 
heart and examining either one or both of the relative timing and relative amplitudes of said fiducial 
points. 
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(54) Apparatus and method for antitachycardia pacing using a virtual electrode 



(57) An implantable device (10) and method for 
treating cardia arrhythmias in a patient's heart (11) are 
disclosed. A source of antitachycardia pacing therapy 
and an electrode system including at least three elec- 
trodes (SO, 83, 86) for delivering the antitachycardia 
pacing therapy to the heart are provided. Circuitry and 
software (17. 19) for detecting a tachycardia having a 
site of focus in the heart and for determining the relative 
distances of the electrodes from the focus site are also 
provided. The three or more electrodes are connected 
to the source of antitachycardia pacing therapy based 
on the relative distances determined and in such a man- 
ner as to create a virtual electrode at the focus site upon 
delivery of the therapy to the heart. 
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